Development of deep offshore fields is costly. As such, accurate information is required before a decision can be made on the feasibility of prospect development. Such sets of information include the reservoir fluid characterization and flow assurance data. The subject of this paper is to demonstrate the importance of accurate and representative fluid characterization and resulting flow assurance data on optimum facility and production method design for development of offshore fields.
Introduction
Waxy crude oils pose unique production and transportation related challenges 1 . Variation in temperature is the dominant factor affecting the waxy crude oil properties. Below a certain temperature, called the wax appearance temperature (WAT), the wax crystallizes out of the liquid solution. The precipitation of the wax components out of the oil is responsible for the changes in the waxy crude oil properties, including the gelation of oil and an increase in viscosity. When the fluid temperature falls below the WAT, there is the possibility of wax deposition on the tubing/pipelines. Wax deposition will reduce the effective flow area and may lead to complete pipeline blockage. Deposited wax will also increase the roughness of the solid-liquid interface, and thus increase the pressure drop. Therefore, it is important to understand waxy crude oil behavior and determine accurate properties so that design of the subsea system may be optimized and operational procedures may be outlined.
Flow assurance and phase behavior of waxy crude oils may be predicted; however, the prediction of these properties is often very difficult. The difficulty arises from the fact that heavy wax components of the crude oil are not properly characterized. Critical properties and interaction between these heavy wax components are often calculated by extending the correlations for lighter hydrocarbon components. As such, the model prediction is generally not accurate. Quality experimental data are required to "tune" theoretical models. In addition to quality and accuracy, if flow assurance properties are measured at the representative temperature and pressure condition of the production, the model is more likely to represent realistic fluid behavior.
The objective of this paper is to demonstrate the variation in the measured flow assurance properties of a waxy crude oil at actual field conditions and at stock tank conditions. In particular, the impact of using live versus stock tank oil measurements in the design and operation of the subsea system will be discussed.
Flow Assurance Properties of Waxy Crude Oils
The experimental data generated in flow assurance studies are generally used to evaluate potential for solids deposition. This information is crucial for production facility design and operation. The utility of the waxy crude properties, from design/operation standpoint are mentioned in the Table 1 . A more detailed description is provided hereafter.
Wax Appearance Temperature. Wax appearance temperature (WAT) is probably the most important flow assurance measurements for a waxy crude oil. WAT is the temperature at which first wax crystals start to form. Wax disappearance temperature (WDT) on the other hand, is the temperature at which the last wax crystals are in equilibrium with the wax liquid phase. Thermodynamically, these two points should be the same, however, subcooling and superheating of the sample causes differences between the two reported data points 2 .
In flow assurance studies, generally the WAT is measured because it is of more critical concern than the WDT. The WAT of a waxy crude oil is affected by: It is important to note that the temperature at which wax crystals start to form and the temperature at which common experimental methods are able to detect to wax crystal could be different. Differences in measured and actual WAT as high as 20-30 °F or more could be expected. It is also important to note that the WDT measurement may not correspond to the melting point of wax in the field. This is due to the fact that the thermal history of the deposit in the field will likely vary significantly from experimental conditions. Wax Content. Wax content is another important laboratory measurement for waxy crude oil which is a measure of the maximum amount of wax that can precipitate (and potentially deposit) on a solid surface (pipe wall) provided proper deposition conditions are present. Screening level filtration methods and high temperature gas chromatography (HTGC) can be utilized to measure wax content. HTGC provides the most meaningful method of measuring the wax content as it determines the n-paraffin composition at each heavy end carbon number (as high as C60 to C100). This data can be input into thermodynamic models and correlated with much more accuracy to the WAT than the wax content obtained by bulk filtration 3 . Rheological Properties. Formation and growth of wax crystals may affect the rheological behavior of a crude oil. Above the WAT, most hydrocarbon systems behave as a Newtonian fluid i.e. their viscosity does not show any shear dependence at constant pressure, temperature and composition. However, rheological properties of a waxy crude oil could be slightly non-Newtonian below the WAT and highly nonNewtonian as oil is cooled to near pour point and beyond. Rheological properties of interest for waxy crude oil are:
• Pour point • Gel strength (yield strength) • Apparent viscosity Pour Point. The pour point is a screening level measurement that is defined as the temperature at which a fluid ceases to pour due to the formation of a wax crystal, or gel, network. ASTM D-97 is the common standard method to determine pour point. Although ASTM D-97 is a method devised for stock tank oil samples, the same methodology may be used to determine pour point of live oil samples. For most waxy crude oil systems, nonNewtonian viscosity behavior is observed near the pour point. If the pour point of the sample is higher than the minimum ambient temperature in the system, gel strength and non-Newtonian viscosity measurements should be considered. The addition of pour point depressants (PPDs) at an optimum dosage has been found to have beneficial effects on the properties of waxy crude oils. The addition of PPD may result in a lowering of the pour point, a significant reduction in the viscosity and yield strength, and a much lower solids (wax) deposition rate. PPDs work either by modifying the crystal structure by co-precipitating with the wax and disturbing the structure, or by binding to the wax crystals and hindering their further growth (thus acting as dispersants 5 . Composition by the Flash Procedure. Bottom hole fluids are initially equilibrated at single phase conditions of pressure and temperature under continuous rocking. Then, samples of the equilibrated fluids are analyzed for C30+ composition in a flash procedure. In this technique, an accurately measured volume of fluid is isobarically displaced into a pycnometer where its density and mass are evaluated. The pycnometer is then connected to a GOR single stage flash apparatus where the fluid is flashed to ambient pressure and temperature conditions. Subsequently, the evolved gas phase is circulated through the residual liquid for a period of time to achieve equilibrium between phases. Following circulation, the volume of equilibrium vapor and the mass of liquid remaining in the pycnometer are measured. The vapor phase is resolved to C5 by natural gas GC while the vapor C5+ fraction and the residual liquids are analyzed to C30+. From the measured composition and total mass of each phase, the composition of the original live fluid may be calculated using a mass balance. This procedure ensures that fluids of the correct composition are used throughout the entire scope of work.
Bubble Point Pressure. A Constant Composition Expansion (CCE) test is used to measure the bubble point pressure of the sample at the prescribed temperature (generally reservoir temperature). The CCE test is initiated by charging a known volume of the equilibrated fluid to the PVT cell at Tres and Pres. Thereafter, the fluid is expanded isothermally to a lower pressure, which is still in the single-phase region. The total system volume is measured after equilibration at this pressure, and this volume is used to calculate the single-phase density at this pressure. This procedure is repeated a number of times until the bubble point pressure is reached. Subsequently, the pressure is reduced further by selected pressure intervals into the twophase region, and at each pressure point the vapor and liquid phases are equilibrated, phase volumes measured and plotted as a function of pressure. The intersection of the single phase and two-phase lines in the p-V plot and the visual observations in the PVT cell are used to define the bubble point.
Wax Appearance Temperature (WAT). The wax appearance temperature (or the cloud point) of the stock tank oil is measured using cross polar microscopy (CPM). The CPM technique for WAT is an industry proven standard. The method tends to be more sensitive than other techniques 6 . The use of CPM for the study of wax crystallization is based on the fact that all crystalline materials rotate the plane of polarization of transmitted polarized light. Hence, by crossing two prisms on opposite sides of the oil sample, all light is initially blocked and the entire field of view appears black. On cooling, the crystallizing material appears as bright spots against this black background. This technique usually provides the most conservative (or highest) value of the crude oil cloud point temperature due the CPM's ability to detect small crystals, i.e. during early stages of wax crystallization. The Wax Appearance Temperature measured by CPM is accurate to ± 2°F.
WAT of a live oil sample can be determined by a High Pressure Cross Polar Microscopy (HPCPM) cell. The measurement principle is same as that of a Cross Polar Microscopy. The only difference between the two systems is the pressure capability of the sample holding cell; the HPCPM cell is designed to operate up to a pressure of 20,000 psia and a temperature of up to 390 °F. The accuracy of measured live oil WAT by HPCPM is ± 3 °F.
Note that, the experimental results obtained from all waxing potential measurements are highly influenced by the thermal histories of the fluid and of the experimental techniques utilized in the laboratory analysis. Therefore, during all waxing potential laboratory measurements, care should be taken to erase the thermal history of the fluid and to ensure that reproducible results are obtained.
Pour Point. The pour point of a live oil is measured with an apparatus which consists of a fully visual sapphire cell, which is mounted on an automatic, vibration-free pivoting bracket, and which resides within a programmable convection oven. This apparatus enables pour point tests to be carried out on saturated live fluids, as well as on dead or under-saturated fluids pressurized with water, according to a procedure analogous to ASTM D 97. In the present work, the oil was charged to the apparatus at reservoir temperature, and cooled at a rate of 9 °F/hr to a final temperature at least 9 °F below the apparent pour point. Three conditions of saturation pressure were used. The accuracy of this method is similar to that for modified ASTM D-97 method (± 5 °F).
Gel Strength. The gel strength of the live fluid is determined using model pipeline test (MPT), in which a fluid is cooled and aged statically within a test coil, and is then ungelled by application of a pressure gradient. From this measured yielding pressure (P Y ), the average yield stress (τ Y ) can be calculated from a simple force balance,
where L is coil length and D is inner diameter. In the present study, the fluids were charged at reservoir temperature, and cooled statically at a conservative cooling rate of 9 °F/hr to a minimum temperature of 55 °F (seabed temperature). The developed gel was allowed to age at 55 °F for 12 hours before testing was initiated. Three conditions of saturation pressure were used, corresponding to parameters for live-oil pour point testing.
Rheology. A high pressure high temperature concentric cylinder rheometer is used for rheology studies. The HPHT rheometer is rated for pressures up to 5800 psig and temperature range of 10 to 400 °F. Due to intrinsic friction in the bearing, the minimum measured viscosity is approximately 20 cP. Therefore, the measured viscosity values below 20 cP are not reliable. Above the minimum measured viscosity of 20 cP, the accuracy of the measurement is ± 10%.
Wax Deposition. The rate of wax deposition for the stock tank oil sample is measured in a mini-flow loop over a range of heat fluxes and shear rates. The deposition section of the flow loop is a 39"-long, 3/8"-OD (0.049" wall thickness) stainless steel tubing. A two-liter oil reservoir is maintained at approximately 158 °F or higher (depending on the wax appearance temperature) in the remelt bath at all times during each experiment. The oil from the reservoir is pumped through a flow meter and enters the tempered bath. The oil inlet temperature to the deposition section is controlled by forcing the oil to pass through a 50'-long coiled copper tubing in the tempered bath. The wall temperature of the deposition tubing is controlled by circulating cold water outside the deposition tubing via a cooling bath. At each run, wall temperature, oil inlet and outlet temperature, cooling water inlet and outlet temperature, flow rate, and pressure drop across the deposition section are collected to the data acquisition system and the deposition volume is calculated based upon the pressure drop change. Figure 1 shows a schematic of the flow loop apparatus.
Results and Discussion
Compositional Analysis and Fluid Properties. A summary of the compositional analysis data and fluid properties for the live oil sample is given in Table 2 . The CCE test results indicated an approximate bubble point pressure of 800 psia at the reservoir temperature of 170 °F. The C30+ and n-paraffin distribution of the sample is also reported in Tables 3 and 4 respectively.
According to this analysis, the fluid has about 13.1 wt% C 17 + nparaffins.
Wax Appearance Temperature (WAT). The experimental WAT data for the live reservoir fluid sample is presented in Table 5 . The WAT data is also represented graphically in Figure  2 . As the fluid pressure is lowered below the bubble point pressure, most of the dissolved gas has been released and the WAT increases. As lighter components of the sample are released the average composition of the sample is shifted towards heavier hydrocarbon components. The amount of gas released from 700 psia to 100 psia is not significant in this case and thus the measured WAT are relatively close. There is approximately 20 °F temperature difference between the WAT measured for STO and 700 psia samples.
Pour Point. The experimental pour points for the live reservoir fluid sample are presented in Table 5 . Pour point data are also represented graphically in Figure 2 . Similar behavior is observed for the pour point as for the WAT, since the removal of dissolved gas will increase the content of heavy wax molecules.
There is approximately 20 °F temperature difference between the dead and live pour points due to dissolved gases in the fluid.
The pour point data were to some extent affected by two factors: 1) an inherent structural instability of the gel network, and 2) the tendency of saturation gas to condense and remain at the gas-oil interface, producing a slug of liquid that effectively constituted a third, quasi-immiscible phase residing at the interfacial region. Both of these factors made interpretation difficult.
Because of the uncertainty surrounding the validity of the pour point results, gel strength and viscosity measurements are always recommended to be completed in parallel with pour point measurements. These additional measurements will provided guidance as to the validity of the pour point measurement and determine the extent of the gel formation problem.
Gel Strength. Table 5 shows the measured gel strength values for live reservoir fluid at 55 °F and 12 hours of gelation. The results shown in Table 5 correspond to the gel strength value necessary to achieve steady (uniform) flow. If a more liberal criterion is applied, e.g., if yield stress is identified as the minimum wall shear stress required to induce any observable flow (sporadic or steady), or some arbitrarily chosen minimum flow rate, then the obtained value of gel strength can often be significantly lower than the more conservative "total yield" measure used here. The gel strength results should thus be used as a guideline to determine the maximum required restart pressures in the field (by rearranging Equation 1).
Experimental data clearly indicates that the required wall stress required to induce continuous flow for saturated fluid at 700 and 100 psia are very similar demonstrating that the effect of evolved gas at 100 psia did not affect the gel strength to a considerable amount compared to 700 psia. However, the gel strength of the STO sample is clearly an order of magnitude higher than 700 and 100 psia data indicating the crystal structure formed in the STO sample are a lot stronger and thus more shear stress is required to break them.
Rheology. The rheology data for the live reservoir fluid for three pressures of 100, 300, and 700 psia are shown in Figures 3,  4 , and 5 respectively. At 700 psia, the formation of gel structures at both 50 and 65 °F is clear as 35 and 21 Pa shear stress was required respectively to break the wax crystal structure.
However fluid did not form any strong gel structure at 80 °F and clearly showed a shear thinning behavior. Note that the viscosity of the fluid at 700 psia and 80 °F and at shear stresses higher than 15 Pa is approaching the lower viscosity limit of the instrument at 20 cP. At 300 psia, a wax crystal structure is present at both 55 and 65 °F as shown by a drastic drop in the viscosity of the sample with an increase in applied shear stress. There is not such a strong wax crystal structure present at 80 °F; however the presence of separate wax crystals contributed to the shear thinning behavior of the fluid. For 100 psia tests, fluid forms a stronger gel structure largely due to higher content of high molecular weight wax crystals and thus the measured yield stress for the fluid is at least an order of magnitude higher that the higher tested pressures. The gelled fluid shows a shear thinning effect beyond the yield stress point even at low temperature of 65 °F. A clear shear thinning behavior is observed for 80 °F. Fluid shows highly non-Newtonian viscosity behavior below pour point.
Wax Deposition. The wax deposition flow loop test determines the wax deposition mass flux for the STO sample as a function of shear rate and wall temperature. The measured mass flux is used together with n-paraffin distribution by high temperature gas chromatography, C30+ composition, and viscosity profile to calculate the n-paraffin diffusion coefficient. The diffusion coefficient is calculated based on the assumption that the main driving force (mechanism) for wax deposition is molecular diffusion of wax molecules. The diffusion coefficient may then be used to determine pigging frequencies by commercial simulation packages. The wax deposition flow loop results are presented in Figure 6 .
It is unusual to see the deposition rates at different shear rates crossover. To confirm the measurements, the deposition rates at a shear rate of 511 1/s were repeated at two different temperatures with good reproducibility. One point was also taken at 81.4°F (below the pour point) at this shear rate. The deposition rate was compatible with the deposition measurements at 92°F. Based upon the laboratory data presented in Figure 6 , the appropriate n-paraffin diffusion coefficient for this fluid was calculated to be the Hayduk-Minhas diffusion coefficient multiplied by 50% 7 .
Design and Operational Considerations
The field in question is located at a water depth less than 1000 feet and is expected to be produced via a looped 6" ID subsea tieback to a local host facility (offset 2-miles from the reservoir). Based only upon the fluid laboratory data presented throughout the paper, the subsea development is expected to have significant wax deposition and gel formation challenges. From a flow assurance perspective, the objective therefore is to utilize all of the available laboratory measurements to determine the operational strategies to mitigate/remediate wax deposition and/or gel formation during all steady state and transient events.
Steady State Production. Because the fluid WAT is approximately 50°F greater than the pour point, the primary flow assurance risk associated with steady state production of this particular field is wax deposition. Wax deposition in the subsea system can be prevented by using either of the following options to maintain steady state fluid temperatures above the WAT:
• Passive insulation • Active heating If wax deposition does occur in the subsea system (i.e., the fluid temperatures cannot be maintained above the WAT), it can be remediated by the use of one of the following options:
• Continuous paraffin inhibition to slow the rate of wax deposition • Pigging to remove wax deposits • Hot-oil circulation to melt the wax • Coiled tubing to dissolve the wax For this particular case, passive insulation was determined to be the most economical method to avoid wax deposition. As such, it was desired to insulate the subsea tieback with either pipe-in-pipe (PIP) insulation (nominal U-value of 0.2 BTU/ft 2 hr°F) or wet insulation (nominal U-value of 0.8 BTU/ft 2 hr°F). To select the type of insulation required, the design criteria is to avoid wax deposition in the system until the flow rates dropped below 5000 BOPD. Below 5000 BOPD, a wax remediation option will be utilized or the system will be shut-in. Based upon the characteristics of the system, the arrival temperatures versus flow rate in the subsea system were predicted and are presented in Figure 7 . For the range of operating conditions evaluated, the arrival temperatures represent the minimum temperatures that occur in the subsea system.
As illustrated in Figure 7 , if the stock tank oil WAT (139°F) is conservatively used as the design criteria to avoid wax deposition in the subsea tieback, PIP insulation will be required. However, if the more realistic live WAT at subsea operating conditions (120°F at a separator pressure of 100 psia) is used as the design criteria; wet insulation could be utilized to avoid wax deposition above a flow rate of 5000 BOPD. Ultimately, the optimal insulation option for this system will be dictated by the insulation level that provides the best thermal performance during steady state and transient events.
Wax Deposition. If wax deposition does occur in the subsea tieback at flow rates less than 5000 BOPD, the rate of wax deposition can be predicted in the subsea system based upon the calculated diffusion coefficient from the wax deposition measurements. Based upon the rate of deposition in the subsea tieback, the recommended pigging frequency of the tiebacks can be estimated. Assuming wet insulation is utilized on the subsea tiebacks and the flow rate is 2500 BOPD, the predicted wax deposition thickness versus distance after 2 weeks of deposition is presented in Figure 8 . Figure 8 indicates that after 2 weeks of deposition, the predicted wax deposition thickness based upon the laboratory measured diffusion coefficient is significantly lower than the predicted wax thickness based upon the standard HaydukMinhas diffusion coefficient correlation (0.35 mm versus 1 mm). In this particular case (based upon the hardness of the deposit), it was recommended that the subsea tieback be pigged when the wax thickness reached 1 mm of deposit. Therefore, the recommended pigging frequency can vary significantly depending upon whether or not wax deposition laboratory measurements are completed prior to wax deposition modeling. For the example case, the difference in pigging frequency varies as much as once every 2 weeks to once every 1.5 months, depending upon whether or not wax deposition laboratory measurements are completed.
Consequently, because there is a significant degree of uncertainty associated with the wax deposition models, it is recommended that wax deposition laboratory measurements always be completed prior to any modeling to ensure the most accurate results.
Cooldown. The primary flow assurance risk during cooldown is gel formation. Gel formation can be avoided in the subsea tiebacks by the use of:
• Passive insulation combined with displacement of the tiebacks with a non-gel forming fluid • Continuous paraffin inhibition with a PPD to reduce the pour point/yield strength to manageable levels • Maintaining elevated pressures to reduce the pour point/yield strength of the fluid • Active heating If gel formation does occur in the subsea tieback, it can be mitigated by applying pressure either topsides or subsea. Depending upon the pressure required breaking the gel, this may or may not be a challenge for the subsea development.
As a first pass (based upon the high pour points and yield strengths), it was assumed that the fluid would have to be displaced from the flowline to avoid gel formation during shutdown. The temperatures at the riser base versus time during shutdown were therefore predicted for the low flow rate (5000 BOPD) scenario and the results are presented in Figure 9 .
As shown in Figure 9 , if PIP insulation is used, the temperature in the subsea tieback will not drop below the pour point for at least 24 hours. Conversely, if wet insulation is used the cooldown time to gel formation conditions is either 12 hours to the stock tank pour point or 21 hours to the live pour point. Depending upon the specific operating constraints of the system during shutdown, the required cooldown time for displacement can be determined. Operating constraints that will affect the required cooldown time in the system are as follows:
• Whether or not the flowlines are depressurized during shutdown • The available topsides pumping capabilities • The amount of inert fluid available topsides • Other tiebacks that may need be displaced prior to the tieback in question • The required restart pressure to break the gel For typical subsea tiebacks, a cooldown time of 21 hours would be enough time to displace the system. Therefore, assuming the flowlines are not depressurized during shutdown, wet insulation will likely be acceptable from a gel formation perspective Restart. Potentially more significant than the time to cooldown to the pour point of the fluid, the critical flow assurance issue is whether or not the system can be restarted if gel formation does occur in the subsea system. Therefore, the required gel restart pressure in the tieback was calculated by rearranging Equation 1, utilizing the specific characteristics of this development and conservatively assuming a completely liquidfilled subsea tieback. The required gel restart pressures versus fluid pressure are presented in Figure 10 .
For this development, it was assumed that an additional restart pressure of 500 psi could be applied to the subsea tiebacks from the wells. As illustrated in Figure 10 , as long as the fluid pressure in the tieback remains above 100 psia, the required gel restart pressure in the subsea tieback will be approximately 500 psi or less. This is an important conclusion because as long as the subsea tieback remains pressurized, any gel in the flowline can be broken. From an operations perspective, this means that the flowlines should not be depressurized during shutdown and that no additional topsides equipment will be required to displace the tieback during shutdown with a non-gel forming fluid.
Conclusions

1.
To optimize the design of subsea systems, live waxing potential laboratory measurements should always be completed. For the example field in question, using live laboratory measurements led to an optimal design and operational solution of: a. A wet insulated subsea tieback b. Maintaining pressure during shutdown to avoid gel formation Conversely, if only stock tank oil laboratory measurements were used during design, the optimal solution would have been: a. A PIP insulated subsea tieback b. Displacement of the subsea tieback during shutdown with a non-gel forming fluid to avoid gel formation 2. In order to completely understand the gel formation potential of the development, yield strength measurements should always be completed to determine the extent of the gel formation problem. Even if gel formation occurs in the system, if the required restart pressures to break the gel are acceptable, gel formation can be managed without having to adopt extreme operating strategies. 
